This article presents the vibro-acoustic modeling and analysis of un-baffled laminated composite flat panels subjected to harmonic point load under various support conditions. The frequency values of the panel are obtained by using simulation model through the commercial finite element package (ANSYS) via batch input technique. Initially, the rate of convergence of the current simulation results is established by solving different examples under various edge supports. Further, the natural frequencies and corresponding modes are computed and compared with available published and experimentally obtained values. Then, the modal values are exported to LMS Virtual.Lab environment for the computation of acoustic responses of the vibrating laminated plate structure. Further, an indirect boundary element approach has been adopted to extract the coupled vibro-acoustic responses. Subsequently, the radiated sound power of the structure and the sound pressure level within the acoustic medium are computed using the present scheme and compared with the published numerical results and in-house experimental data, respectively. Finally, a comprehensive study has been performed to highlight the effect of different structural parameters (thickness ratio, aspect ratio, modular ratio and lay-up scheme), support conditions and the composite properties on the acoustic radiation responses of the laminated plate structure.
INTRODUCTION
Laminated composite structural components are extensively preferred over conventional materials in today's high-performance engineering applications (aerospace, aircraft, automobile and marine engi- neering) not only for their specific strength and stiffness properties but also largely due to their light weight characteristic which is highly desirable according to the present demand. However, the reduction in weight of the structure may lead to increased levels of noise which is proportional to the magnitude and frequency of the structural vibrations. Therefore, the designer quest to minimize the noise radiated into the surroundings during the design and fabrication of the light-weight laminated structural components due to their paramount importance in such applications. Hence, the sound radiation characteristics need to be investigated judiciously and the design together with the fabrication process must be handled suitably. It is well known that, a radiation response indicator is essential for the representation of the acoustic radiation via a vibrating structure so that the velocity on the boundary and the sound radiation can be related. Thus, it plays an important role in the evaluation of the magnitude of the acoustic disturbances accurately. In this regard, various acoustic radiation mode theories including the structure dependent radiation mode analysis steps have been evolved in the past with an intention to figure out the realistic acoustic radiation in the surrounding medium due to the vibrating structures (baffled and un-baffled plates and beams) (Atalla and Sgard, 2015) . The acoustic radiation of the flat rectangular plate in a rigid baffle is usually obtained by Rayleigh integral formulation and often used as the basis for the analysis of sound radiation analysis for more complex structures. This scheme is further extended by other researchers successively in the past to explore the possible effect of angle of the baffle and the end constraint conditions on the acoustic radiation behaviour (Putra and Thompson, 2010) . The first radiation mode amplitude of the composite and the isotropic plate structures have frequently been employed to account the acoustic behaviour (Petrone et al., 2014) . However, so far as the analysis of laminated and sandwich structures is concerned, the existing and/or refined 2D and shear deformation theories are mainly employed to obtain the vibration responses of the structure and the acoustic radiation is computed using Rayleigh integral (Petrone et al., 2014) . However, we also note that, in those studies the use of structure dependent radiation modes is preferred over the conventional acoustic radiation modes to quantify the acoustic radiation from the vibrating structures (Ohlrich and Hugin, 2004) .
Another aspect related to the study of the vibro-acoustic responses of any structure for which the methodologies have been modified from time to time is to solve the multi-physics problems (fluid-structural coupling). The core idea is to establish a coupling between the free vibration response of the structures and the acoustic medium more accurately. Atalla et al. (1996) studied the acoustic radiation from un-baffled thin flat isotropic structures using Rayleigh-Ritz approximation for acoustic parameters and compared the results to the baffled case. A modal superposition technique has been utilised for the computation of coupled structure and acoustic modes by Tournour and Atalla (1998) including a novel integration scheme proposed for handling the singularities of Green's function. Attempts have also been made frequently to investigate the vibro-acoustic responses of structures using the finite element method (FEM) in association with boundary element method (BEM) (Everstine and Henderson, 1990) to analyse the coupled behaviour. Holmstrom (2001) used a direct FEM/BEM approach to account for the acoustic radiation from an elastic plate vibrating in air and water under harmonic pressure excitation. In the similar line, Li and Li (2008) studied the effects of size and location of distributed mass loading on the acoustic radiation from the baffled plates vibrating in light and heavy medium. Jeyaraj and his colleagues investigated the vibro-acoustic response of isotropic plates (2008) ronment. The classical laminated plate theory (CLPT) has been used to model the structure and the acoustic response is obtained using coupled FEM/BEM solver in LMS SYSNOISE software. Yin and Cui (2009) studied the effect of the lay-up scheme on the acoustic behaviour of laminated composite plates under different loading schemes, namely transverse and longitudinal. Acoustic radiation from a functionally graded (FG) elliptic disc in a thermal environment has been studied by Kumar et al. (2009) by using FEM/BEM approach and LMS SYSNOISE software. Zhao et al. (2013) considered a simply supported laminated composite flat plate vibrating in a hygroscopic environment and obtained the acoustic response by using Rayleigh integral formulation. Nowak and Zielinski (2015) used an indirect variational BEM to get the acoustic radiation from vibrating rectangular plate for various boundary conditions. The frequencies and the corresponding vibrational mode shapes of the plate are computed using the FEM. The effect of support conditions on the velocity and acoustic response of vibrating rectangular isotropic baffled plates has also been studied using Rayleigh integral formulation (Park et al., 2003; Qiao and Huang, 2007) . The support tuning is observed to yield significant noise and vibration reduction. Huang et al. (2005) investigated the free vibration behaviour of orthotropic rectangular plates with varying thickness under general boundary conditions. Shojaeefard et al. (2014) presented an analytical solution for calculating the sound transmission loss of thick orthotropic cylindrical shell using third order shear deformation theory (TSDT).
It is clear from the brief review of the literature that the boundary conditions, along with the other parameters such as type of excitation, location of excitation, material properties etc. play an important role in determining the acoustic radiation behaviour of structures. We also note that the studies related to the vibro-acoustic response of baffled isotropic plates are more in number in comparison to the baffled and/or un-baffled laminated composite structures. However, theoretical and numerical studies addressing the effect of frequently used support conditions on the acoustic radiation characteristics of an un-baffled orthotropic laminated composite flat panel under the action of harmonic point loads are scarce. In order to address this issue, in this paper an attempt has been made to study the sound radiation characteristic of the un-baffled laminated composite flat panels under several support conditions and subjected to harmonic point excitation. First, a simulation model for the vibrating flat panel has been developed in commercial FE software ANSYS using ANSYS parametric design language (APDL) code and the natural frequencies are computed. Then, these free vibration responses have been utilised to carry out the coupled vibro-acoustic analysis via indirect BEM method in LMS Virtual.Lab environment. In order to validate the proposed scheme, the present results are compared with the numerical data available in open literature. Further, lab scale experiments have been conducted to obtain the free vibration and the acoustic responses of the laminated composite plates and compared with the current numerical results. Finally, the effect of aspect ratio, thickness ratio, modular ratio and the lamination scheme on the acoustic radiation characteristics (sound pressure level and radiated sound power) of an un-baffled laminated composite flat panel under different support conditions have been investigated and discussed in detail.
THEORETICAL BACKGROUND
The geometry and lay-up scheme of a typical laminated composite flat panel considered for the present analysis is shown in Figure 1 length a, width b and thickness h. In order to compute the free vibration responses, a simulation model of the flat panel has been developed in ANSYS environment using APDL code. The Shell 281 element has been chosen from the ANSYS element library for the discretization of the present model. The element is a serendipity (eight noded) element with six degrees freedom per node and capable of solving thin to moderately thick shell panel structure. The mid-plane kinematic for the panel structure is defined based on the first order shear deformation theory (FSDT) and conceded as: Now, this simulation model has been employed to perform the modal analysis as well as extract the necessary modal values of the structure. Further, the values are provided as the input for the acoustic analysis. The in-vacuo modes of the vibrating structure can be obtained by solving the following eigenvalue equation (Cook et al., 2000) : It is apparent from the review of literature that the BEM has been widely appreciated for solving the coupled vibro-acoustics problems efficiently. In the present study the indirect BEM has been used for modelling the fluid medium and the sound radiation is computed on both sides of the mesh. For the theoretical development an un-baffled vibrating flat panel having fluid on both of its sides is considered as shown in Figure 2 . The governing equation for the acoustic problems is the wellknown Helmholtz wave equation which is expressed as:
where, The indirect BEM method involves the modelling of acoustic variables in the form of potentials, namely the single layer potential σ and the double layer potential µ. These potentials are related to the acoustic pressure and velocity jumps across the surface S as:
and,
where, superscript '+' indicates the values on the positive side defined by the outward normal vector at the surface S + , and the superscript ' ' indicates values on the opposite side, i.e. S -. Now, using the potentials defined in the aforementioned lines, the solution to the Helmholtz wave equation takes the following form as in (Nowak and Zielinski, 2015) :
and y S Î
where, G is the free space Green's function defined as: 
where, r is the distance between the source point y and the field point x . Now, Eq. (3) is solved by imposing Neumann boundary condition on the entire surface S of the vibrating flat panel given as:
where, n V is the normal component of velocity of the structure. On imposing the boundary condition given by Eq. (8), Eq. (6) can be re-written as:
Now, Eq. (9) needs to be solved for an unknown potential m defined on the surface S. The solution to the integral equation can be obtained by minimizing the functional J defined as in (Qiao and Huang, 2007) :
Subsequently, Eq. (10) is rewritten by using the properties of Green's function G and the continuity of m over S (Tournour and Atalla, 1998) 
where, U is the degree of freedom vector of the structure. Therefore, a coupled equation representing the structure and acoustic medium can be written as:
where, Θ is the damping matrix and F is the external load vector. The system is symmetric, frequency dependent and full. Now, Eq. (13) is solved for U and m.
The acoustic radiation impedance matrix is defined as (Atalla and Sgard, 2015) :
The sound power radiated ( rad W ) by the vibrating plate is given by (Atalla and Sgard, 2015) :
The radiated sound power level is expressed as:
where, Wref is the reference power and in the present analysis it is taken to be equal to
The normal mean square velocity ( 2 n v ) on the surface S can be written as (Atalla and Sgard, 2015) :
The radiation efficiency (Ω) is a measure of the ability of the structure to radiate sound and is defined as (Atalla and Sgard, 2015) :
The sound pressure level (SPL) at a field point is given by:
where p is the pressure at the field point and ref p is the reference pressure equal to μ 20 Pa .
METHODOLOGY
The following steps are followed to obtain the coupled vibro-acoustic response of a vibrating flat panel:
1. The flat panel model is developed in ANSYS (in framework of FSDT mid-plane kinematics) using APDL code. The Shell 281 iso-parametric element from ANSYS library is used to discretize the model.
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2. The modal analysis is performed after imposing appropriate support conditions and the natural frequencies and the mode shapes are obtained. The various support conditions considered in the present analysis to reduce the number of unknowns are as follows: (a) All edges clamped boundary condition (CCCC): 3. The ANSYS results file (.rst extension) containing the modal data, as obtained in step 2, is imported into LMS Virtual.Lab environment for computing the acoustic response (Siemens LMS Virtual.Lab 13.5., Online help manual, 2015). 4. In LMS Virtual.Lab, an indirect BEM approach is adopted for obtaining the coupled responses. The loads are attached to the appropriate nodes, a field mesh (representing the microphone locations) is defined for obtaining the acoustic responses and the problem is solved. 5. The results for radiated sound power, radiation efficiency, mean square velocity and sound pressure at the field point are exported for further analysis. The presently computed frequency responses and radiated sound power values are compared with those of the published numerical results. In addition, the numerically obtained values of the natural frequencies at different modes and the SPLs are compared with the present experimental results. The detailed experimental plan is depicted in the following section.
EXPERIMENTAL ANALYSIS
In order to obtain the free vibration (modal analysis) and acoustic responses of laminated composite flat panels, a lab scale experimental set-up has been developed at National Institute of Technology Rourkela (NIT, Rourkela), Odisha, India. For the experimentation purpose, two different laminated composites namely, six layered woven [0ᵒ/90ᵒ]3 glass/epoxy and four layered symmetric angle-ply [±45ᵒ]s carbon/epoxy plates are fabricated using conventional hand lay-up technique. In order to obtain their mechanical properties, specimens are prepared in accordance with ASTM standard (D790) and a tensile test has been performed using the universal testing machine (UTM-INSTRON 1195) available at NIT, Rourkela, Odisha, India. The dimensions, lay-up scheme and material properties of the plates used for the experimental analysis are listed in Table 1 . Figure 3 depicts the present experimental set-up used for recording the natural frequencies and SPLs of the vibrating plate under cantilever (CFFF) support condition. The plate (1) is clamped along one edge using the fixture (2). The impact hammer (3) is used to excite the plate at a particular location on the plate, the signals generated are captured by the accelerometer (4), and the pressure in the surround medium is recorded by microphone (5). The accelerometer and the microphone are interfaced with LABVIEW through PXIe-1071 (6) that receives analogue voltage signal, uses an inbuilt AD (analogue to digital) converter to transform it into the digital signal form. Further, the digital signal is processed through LABVIEW software. The block diagram of the circuit designed in LABVIEW to process the signals is presented in Figure 4 . The signal received from the microphone as well as the accelerometer is in the time domain. The sound pressure data from the microphone is first filtered and subsequently transformed into frequency domain by applying Fourier transform. Similarly, the acceleration response from the accelerometer is converted to frequency spectrum. This transformation is necessary to view the vibro-acoustic response of the system as a function of excitation frequency. 
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RESULTS AND DISCUSSION
The free vibration and acoustic responses of the laminated composite flat panels are computed using the proposed scheme (ANSYS and FEM/BEM approach using LMS Virtual.Lab). The efficacy and the accuracy of the present approach have been established through the convergence test and subsequent validation with available numerical and present experimentally obtained results. The effect of various structural parameters namely, thickness ratio (a/h), aspect ratio (a/b), modular ratio (E1/E2) and lamination scheme on the acoustic response parameters (SPL and radiated sound power) of the laminated composite flat panel for four different boundary conditions (CCCC, HHHH, SSSS, and CFFF) have been investigated using the present scheme. In the parametric study, the carbon/epoxy composite material properties, as provided in Table 2 , have been utilized for the computational purpose. The panel structure is considered to be excited by a harmonic point load of 1N on the plate surface at a location bearing the coordinates (0.25×a, 0.25×b, 0) w.r.t the coordinate system shown in Figure 1 . The sound pressure level (SPL) is computed at a point in the surrounding medium lying 1m vertically above the excitation point. A modal damping of 1% has been considered throughout the analysis. Table 2 : Material properties of Carbon/epoxy composite (Park et al., 2003) .
Convergence and Validation Studies
As a very first step, the convergence behaviour of the present simulation model has been checked by computing the natural frequencies for different mesh divisions and simultaneously comparing them with the available numerical data. Further, the present results are also compared with the experimentally obtained values. For the validation of the acoustic parameters, the radiated sound power of a vibrating composite plate is computed using the present scheme and compared with the existing results. Also, in order to build more confidence on the present scheme, the sound pressure levels (SPLs) at a point in the medium are obtained experimentally and compared with those computed numerically via the present approach.
Convergence and Validation of Natural Frequencies
In this section, the convergence behaviour and the validation for the free vibration responses computed using the present simulation model has been presented by considering different examples available in open literature. An isotropic plate under clamped boundary conditions as in Jeyaraj (2010) and a simply supported 16 layered cross-ply [0ᵒ/90ᵒ]8 laminated composite plate as taken by Wu and Huang (2013) have been considered for testing the convergence behaviour and validating the natural frequencies. The geometry and material properties used for the computation purpose are similar to the corresponding references considered. The values of the natural frequencies for first five modes are computed for different mesh sizes and presented in Table 3 and 
Validation of the Acoustic Parameters
From the discussion in the previous sections, it is clear that the present simulation model yields valid results for the free vibrations response of the vibrating laminated composite flat panels under different boundary conditions. In this section, the mode shapes for each natural frequency of vibration are extracted and used to compute the acoustic responses for the vibrating composite flat panels using coupled FEM/BEM approach in LMS Virtual.Lab environment. The sound power radiated by the plate and the SPL at a particular location in the surrounding medium are obtained to analyse the sound radiation characteristic. Initially, the radiated sound power values computed using the present scheme is compared with those reported in open literature. Then, the corresponding values of SPLs are also validated with the present experimentally obtained values using the labscale experimental set-up.
Validation of the Radiated Sound Power
A square isotropic (mild steel) plate of side 1m and clamped along its all four edges as in Jeyaraj (2010) has been chosen for the numerical validation of the radiated sound power. In the present analysis two excitation cases (same as in the reference) of harmonic point load of 1N are considered and referred as Excitation-1 and Excitation-2 for the load acting at the central node and at a location (0.7m, 0.7m, 0) with reference to Figure 1 , respectively. The sound power radiated by the plate is computed using the present formulation for the above two cases and shown in Figure 5 (a) and (b), respectively for the comparison with the reference values. It can be clearly seen that the sound power level computed using the present scheme match very well with the results reported in the reference over the entire range of frequencies considered. 
Experimental Validation of Sound Pressure Level
Laminated composite flat panels of M1 and M2 materials, as in Table 1 , under CFFF boundary conditions are considered for experimentally (described in Section 4) determining the SPL at a point in the surrounding medium. The panels are excited by a 1N harmonic point load at the central node on the free edge opposite to the clamped edge and the SPL is measured at a distance of 0.1m above the central point of the plate. With similar considerations, the SPL values are computed using the present numerical model and validated by comparing with those experimentally ob-tained data. The comparison of the experimental and numerical results for SPL of the vibrating flat panel with M1 and M2 material properties are shown in Figure 6 (a) and (b), respectively. It is observed that in both the cases the present numerical values of SPL follow closely the experimental results (including the occurrence of peaks and depressions) up to the excitation frequency of 200 Hz, after which slight deviation is noticed. The reason for the deviation may be due to the limitations in applying displacement boundary condition on the structure and the absence of anechoic chamber during experimentation. It is also worthy to mention that the present numerical results have been computed by considering a modal damping ratio of 1% (which is the usual case for laminated composite structures) and that may not agree exactly with the damping occurring in the plates used for experimentation. The laminated composite plate has two coincidence frequencies, which are a function of plate thickness and Young's moduli of the material (Ohlrich and Hugin, 2004) . The coincidence frequencies in Hz for each thickness value are (75.6, 378.03), (151.2, 756), (604.85, 3024.26), (907.28, 4536.4) and (1512.13, 7560.6) , respectively. Therefore, a frequency range of 0-10,000 Hz is considered to observe the sonic and subsonic behaviour of plates. The variation of the radiation efficiency and the radiated sound power with the excitation frequency for different values of thickness ratio is shown in Figure 7 (a) and (b), respectively. It can be observed that the average radiation efficiency increases with increasing thickness ratio. For the thinnest plate (a/h=100), radiation efficiency is more as compared to the others due to reduced stiffness. This leads to shifting of natural modes of vibration to lower frequencies and higher coincidence frequencies in the considered frequency range. Also, it is worthy to note that the radiation efficiency exceeds 1 close to the first coincidence frequency and asymptotically decreases to 1 after the second coincidence frequency in most of the cases. The radiated sound power increases with increasing plate thickness ratio. A similar trend is observed for the sound pressure level in near and far-fields for modes (1,1) and (2,1) of the plates as shown in the SPL directivity plots in Figure 7 (c) and (d), respectively. 
Influence of the Aspect Ratio
To study the influence of aspect ratio (a/b) on the SPL and the sound power radiated in the surrounding medium, a four layered anti-symmetric cross-ply [ 45ᵒ]2 laminated composite flat panel under HHHH support condition has been considered. For the computation purpose the geometry of the panel is taken as a = 0.4 m, h = 0.01 m fixed and b is varied such that (a/b) = 0.5, 1, 1.5, 2, 2.5. The plate has the same coincidence frequencies (604.85, 3024.27) Hz for all of the aspect ratios. The plates' mass and stiffness is affected by changing the aspect ratio leading to a change in the vibration energy of the plate. The radiation efficiency generally decreases with increasing aspect ratio; a/b=0.5 case causes the maximum acoustic radiation onto the second coincidence frequency and the same can be observed from Figure 8 (a). The average sound power level follows an increasing trend with decreasing aspect ratio with the resonance peaks shifting to lower frequencies as shown in Figure 8(b) . It is also worthy to note that the radiation efficiency exceeds unity indicating that radiated acoustic power is more than the vibration energy of the plates. 
Influence of Modular Ratio
The effect of modular ratio on the acoustic emissions from a vibrating simply supported antisymmetric angle-ply [±45ᵒ]2 rectangular laminated composite flat panel (a = 0.4 m, b = 0.3 m, and h = 0.01 m) has been analysed. The radiation efficiency and the radiated sound power is obtained for E1/E2 = 5, 10, 15, 20, and 25 configurations. The first coincidence frequency is the same equal to 604.85 Hz for all configurations and the second coincidence frequencies are 1352.5 Hz, 1912.7 Hz, 2342.6 Hz, 2705 Hz, and 3204.3 Hz for each configuration, respectively. It is interesting to note that the first natural frequencies of the configurations are very close to the first coincidence frequency. It can clearly be observed from Fig. 9 that the radiation efficiency and radiated sound power are not affected greatly by the varying modular ratio. It is can be seen that for every value of modular ratio the curves closely follow each other over the entire frequency range with the peaks and valleys oc-curring at almost same values of excitation frequency. The radiation efficiency crosses unity around the first natural frequency for all configurations of modular ratio and approaches unity after crossing the maximum value of second coincidence frequency. 
Influence of Lay-Up Scheme
It is well known that, the lay-up scheme of any laminated composite structure significantly governs the stiffness and thus affects the vibration and sound radiation behaviour greatly. The effect of lamination scheme on the sound radiation characteristics of a vibrating laminated composite flat panel has been investigated by computing the SPL and radiated sound power of a plate (a = 0.4 m, b = 0.3 m, and h = 0.01 m) under CFFF support condition for different layup schemes. The SPL is obtained at a point 1m directly above the excitation location on the plate. It is observed from Figure 10 that the SPL at the field point and the radiated sound power is greatly influenced by the lay-up scheme of the vibrating plate. It is worthy to note that, over the entire frequency range the plate exhibits similar sound radiation behaviour for both the symmetric [45ᵒ/-45ᵒ]s and antisymmetric [45ᵒ/-45ᵒ]2 angle-ply lamination cases. However, there is a considerable difference between the sound radiation characteristics of symmetric [0ᵒ/90ᵒ]s and anti-symmetric [0ᵒ/90ᵒ]2 crossply laminations. It can also be seen that the peaks occur at higher frequencies for cross-ply laminations in comparison to the angle-ply schemes. However, the average SPL is lower for cross ply configuration compared to the angle ply configuration with the minimum value for [0ᵒ/90ᵒ]2 case as shown in Table 6 . Table 6 : SPL values for different lay-ups.
Influence of Support Conditions
The number of constraints on the degrees of freedom at the support plays a significant role on the stiffness characteristics of any structure/structural component. The stiffness increases as the number of constraints increases or the degree of freedom decreases and this may have a substantial effect on the sound radiation characteristic of the structure. In this section, an anti-symmetric angleply [45ᵒ/-45ᵒ]2 rectangular (0.4 m×0.3 m×0.01 m) laminated composite flat panel has been considered for analysis. The first and the second coincidence frequencies are (604.85, 3024.27) Hz. The FFFF and CFFF configurations have many resonances before the first coincidence frequency. Therefore, the sound pressure level at a field point 1 m directly above the excitation location on the plate and the radiated sound power is computed for four different support conditions (FFFF, CCCC, SSSS and CFFF) in the frequency range 0-1000 Hz and presented in Figure 11 (a) and (b), respectively. The influence of the number of constraints at the support is well reflected in the results. It is observed that, over low excitation frequency range i.e., upto 1000 Hz, the sound power radiated from the vibrating plate decrease with increasing number of constraints at the support. However, the average sound power is the least for FFFF case followed in the increasing order by CFFF, CCCC and SSSS and the same can be observed from the plot of sound power level for frequency range 0-5000 Hz, as shown in Figure 11 (c). 
Case Study: Vibro-Acoustic Response from Laminated Flat Panels of Various Composite Materials
In this section, a case study has been presented to compare the vibro-acoustic behaviour of the laminated flat panel of different composite materials those are widely used in their key areas of application. Four different composite materials namely, graphite-epoxy, boron-epoxy, kevlar-epoxy and glass-epoxy are considered for the present analysis and their properties are listed in Table 7 .
Properties Graphite-epoxy (Kumar et al., 2010) Boron-epoxy (Kumar et al., 2010) (0.125 m, 0.125 m ) from the lower left corner is considered. The SPL directivity pattern for modes (1,1) and (2,1), the radiation efficiency and the radiated sound power level values are computed for various composite materials using the present scheme and shown in Figure 12 (a)-(d), respectively. In general, the RMS values of a vibrating structure are considered to judge its suitability for a particular application. As evident from Figure 12 (a), (b), the SPL is the lowest for glass-epoxy corresponding to both of the modes. Also, the directivity patterns are of monopole and dipole nature in accordance with the mode shapes of (1,1) and (2,1) modes, respectively. The frequencies of first few resonance modes of glass-epoxy and kevlar-epoxy are lesser than the first coincidence frequencies which are around 700.2 Hz and 437.46 Hz, respectively. The radiation efficiencies of each material cross unity at the corresponding first coincidence frequency thereafter, following an asymptotic decrement to unity. The radiation efficiency curves for kevlar-epoxy and glass-epoxy are more fluctuating as compared to boron-epoxy and graphite-epoxy over the frequency range under consideration. This is due to the fact that, for glass-epoxy and kevlar-epoxy the longitudinal Young's modulus (E1) is relatively low, which leads to reduced stiffness. The same can also be observed from the plot of radiated sound power shown in Figure 12 (d). This may also be attributed to the higher values of E1/G12 ratio for these materials (kevlar-epoxy and glass-epoxy) as compared to the relatively stiffer materials (graphiteepoxy and boron-epoxy). However, the behaviour of graphite-epoxy and boron-epoxy is identical throughout the frequency range under consideration and the same can be observed from the radiation efficiency and sound power level plots shown in Figure 12 
CONCLUSIONS
The vibration and acoustic responses of un-baffled laminated composite flat panels excited by harmonic point load and under various support conditions have been investigated in this article. The natural frequencies are computed with the help of a simulation model developed in ANSYS using APDL code. The results of modal analysis are exported to LMS Virtual.Lab environment, wherein the coupled vibro-acoustic responses of the vibrating panel are obtained using an indirect BEM. First, the free vibration responses obtained using the present simulation model are compared with the published numerical results and present experimentally determined values as well to test its validity. For the experimental analysis, the laminated composite plates were manufactured by hand lay-up technique and necessary steps were taken to ensure uniform thickness variation. The cantilever boundary condition was imposed on the plate by sandwiching it between the two bars and fully tightening them with the help of the nuts and bolts to closely match the corresponding constraints applied to the numerical model. Then, the ability and correctness of the present FEM/BEM scheme to compute the acoustic responses have been established by comparing the present responses with the numerical results available in open literature. The results are also compared with those obtained experimentally using the in-house experimental set-up. Finally, an extensive study has been performed to investigate the effect of geometrical parameters, support conditions and material properties on the sound radiation characteristics of laminated composite flat panels. The sound pressure directivity in the medium, radiation efficiency and the radiated sound power of the vibrating plate is chosen as the acoustic response indicators. It is observed that the sound radiation behaviour of the laminated composite plate is greatly influenced by the lay-up scheme and number of constraints at the support. It is also noted that the acoustic responses increase with thickness ratio, decrease with aspect ratio and insignificantly affected by varying modular ratio. All materials exhibit dissimilar vibro-acoustic behaviour however, the sound radiation characteristics of the graphite-epoxy and boron-epoxy laminated plates are very close to each other. Among all the materials utilised for the present study, the sound pressure level for glass-epoxy is the least.
